The influence of copper and iron on the solidification characteristics of two major aluminum foundry alloys was investigated. The thermal history during solidification of each sample was recorded and compared with the solidification path calculated from the multicomponent equilibrium and Gulliver-Scheil solidification models. SEM/EDX analysis and optical microscope were used to examine the microstructure of solidified samples. The amount of phases was also calculated from the latter model and compared with the observed microstructure. Binary interaction parameters were used in calculation for their practicality. Results show that the high content of copper and iron suppresses the liquiduses and final solidification temperatures. Moreover, the crystallization of Al 2 Cu and Al 5 FeSi is very sensitive to copper and iron content respectively; Al 2 Cu increases significantly when copper is added while Al 5 FeSi does greatly when iron content is higher.
Introduction
Commercial aluminum alloys contain several alloying elements and impurities. Some of these elements are able to form complex intermetallic compounds during solidification while others may just dissolve in the aluminum or precipitate from the solid solution as separate phases. The amount and morphology of these intermetallic compounds are highly crucial to the mechanical properties of castings. Some of them may be prevented from crystallization by controlling the amount of the alloying elements which are the main components of the compound. However, this may not be the solution for all cases because most of these compounds are complex having more than two sublattices with possibility of replacing some elements in the lattices with others.
Studies in the past attempted to identify the compositions and crystallographic structures of these intermetallics in order to understand their crystallization sequences during solidification. 1, 2) It is important for making a proper alloy design to study on the solidification paths. If the crystallization sequences are known, the crystallization of undesirable intermetallics can be prevented.
The microstructure of 356-type aluminum foundry alloy consists of the common dendritic network of aluminum solid solution with interdendritic silicon and intermetallic compounds. Major intermetallics in this type are Al 5 FeSi, Mg 2 Si and Al 8 FeMg 3 Si 6 . Table 1 lists the solid phases in A356.1 aluminum alloy which solidifies at cooling rate between 0.2 and 5 Ks À1 . [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Because of the limited diffusion during solidification and the kinetics of nucleation and growth, the amount and presence of some phases depend on the cooling rate. Despite all these, the microstructure of 356-type alloy is relatively not so complicated as that of other alloys with higher content of alloying elements.
The properties of another aluminum alloy, 380-type alloy, are highly dependent on the size and shape of intermetallics. This is because the Aluminum Association (AA) Standard allows higher content of iron and manganese in such alloy.
These two elements can form several intermetallic phases having plate-like or needle-shaped morphology. The sharp edges of these phases give detrimental effect to castings by debasing their strength. Among important intermetallics are Al 15 (Fe,Mn) 3 Si 2 and Al 5 FeSi with the possibility of chromium, copper, and manganese replacing iron atoms in the iron sublattice. Others are Al 2 Cu and Al 5 Cu 2 Mg 8 Si 6 . The amount of these intermetallics and the temperatures at which they crystallize depend on cooling rate and alloy composition. 15, 16) In this study, a thermodynamic phase equilibrium calculation software Thermo-Calc and a thermodynamic database intended for the calculation of aluminum systems were used to analyze the solidification paths of 356-type and 380-type alloys. Binary interaction parameters instead of higher order interaction parameters were used in the calculation in spite of multicomponent alloys. To predict the solidification paths of these alloys accurately, ternary and higher order interaction parameters are essential. However, very little data are available in the present and, even in the future, higher order interaction parameters may not be expected to be well compiled. Therefore, binary interaction parameters are expected to be far-reaching and adequately applied in multicomponent alloy system calculation. The tools mentioned above were firstly applied to the effects of copper and iron on the microstructure of these two alloys. Such thermodynamic prediction was then compared to the observed microstructure. Secondly, the amount of two intermetallics, Al 5 FeSi and Al 8 FeMg 3 Si 6 , in A356 was discussed by varying the content of iron, silicon and magnesium within the composition range of the specification of A356.
Experiment and Thermodynamic Modeling
Six 45-gram-weight samples were cut from commercial alloy ingots and placed in graphite crucibles with dimension shown in Fig. 1 . A K-type thermocouple was placed in the wall of each crucible 1.5 mm away from the molten alloy. Melting operation was done in a resistance furnace filled with inert argon gas. The melting/alloying temperatures for reference samples 1 and 4, copper-added samples 2 and 5, and iron-added samples 3 and 6 were 1023, 1123 and 1223 K respectively. The chemical compositions of samples were determined by spark emission spectrometer and were listed in Table 2 .
17) All samples were allowed to cool and solidify in the furnace while their temperatures were monitored by the thermocouples connected to a data acquisition unit. At the beginning, the thermocouple was calibrated to allow error within AE1 K. The average cooling rate for all samples was 0.07 Ks À1 . Solidified samples were sectioned and prepared for optical and scanning electron microscope (SEM) observation. Phases were determined by EDX.
The thermodynamic analysis of solidification was done by Thermo-Calc version M and aluminum database version 2. Gibbs free energy calculation by this software was based on the Redlich-Kister equation 18) 
where v ij is a binary interaction parameter. The modeling of silicon phase is based on pure substance with no solubility of any element in the silicon phase. Details on the calculation method were referred in 19, 20) while interaction parameters, and other thermodynamic properties in the database were referred in the Thermo-Calc's User Guide.
In addition to the equilibrium solidification model, the Gulliver-Scheil solidification model, on the assumption of no diffusion in solid and complete mixing in liquid, was mostly used in calculation. The calculation was based on the following equation;
where k is equilibrium partition ratio. The content of nine alloying elements: silicon, copper, iron, manganese, magnesium, chromium, zinc, nickel, and titanium was input as variables. Afterwards, the calculation was performed to determine the phases crystallized and their amount as well as crystallization temperatures at each temperature interval of 0.5 K. The effects of copper and iron were also investigated by stepping corresponding content of such elements. Moreover, as a guide to control the amount of detrimental phases in A356 alloy, the variations of Al 5 FeSi and Al 8 FeMg 3 Si 6 with some alloying elements were calculated by the GulliverScheil model.
Results and Discussion

Solidification of 380-type Alloys
The variation of calculated fraction solid with temperature in sample 2 is shown in Fig. 2 both the equilibrium and Gulliver-Scheil solidification models are almost identical except the temperatures at which solidification completes. Table 3 and Fig. 3 show the calculated crystallization temperatures of major phases in the same sample by the Gulliver-Scheil model and compare them with the experimental results. Due to the limit of sensitivity in the measurement, only three temperatures, at which relatively large enthalpy changes occur, could be detected; they are the temperatures at which aluminum FCC and silicon start to crystallize and the solidification completes. When Al 15 (Fe,Mn) 3 Si 2 crystallized, abrupt change could not be detected in the cooling curve, corresponding to the small enthalpy change as shown in Fig. 4 . Discrepancies between the observed and calculated temperatures for the crystallization of aluminum FCC appear in Fig. 3 . The aluminum FCC crystallized starts to crystallize at 849 K which is 14 K lower than the calculated value. Such inaccuracy other than the undercooling occurs from that the thermocouples were not placed in molten alloys but in the walls of crucibles. The other source of inaccuracy might be attributed to the Gibbs free energy of the liquid and aluminum FCC phases. The inaccuracy of the Gibbs free energy is due to the scarcity of reliable experimental data on higher order interaction parameters. The present thermodynamic was based on binary interaction parameters only. Because of the high concentration of solutes in 380 alloy, contribution from these higher order interactions leads to the error in the calculated Gibbs free energy of the liquid and Fig. 4 The enthalpy change of the whole alloy system in sample 2.
Influence
aluminum FCC phases. However, binary interaction parameters are practical while the higher order ones derive from laborious work and consumed time.
The observed crystallization temperatures of aluminum FCC and silicon from other literatures [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [20] [21] [22] were collected and compared with the calculated thermodynamic results of which chemical compositions were input. Compared in Fig. 5 , almost all the calculated temperatures for aluminum FCC are higher than the observed ones not more than 15 degree. However, the calculated temperatures for silicon deviate from the observed temperatures AE5 degree, corresponding to this study.
The microstructure of solidified 380-type alloys (sample 1, 2, and 3) contains aluminum FCC, silicon, Al 15 (Fe,Mn) 3 Si 2 , Al 5 FeSi, Al 2 Cu, and Al 5 Cu 2 Mg 8 Si 6 . The quantity of phases in sample 2 was also calculated and is compared with the detection by SEM with EDX analysis in Table 3 . Al 7 Cu 2 Fe and Al 7 Cu 4 Ni, which were predicted to have negligible amount, could not be detected in the solidified microstructure. The electron micrographs of sample 2 are shown in Fig. 6 . The Al 15 (Fe,Mn) 3 Si 2 phase (usually called the alpha phase) crystallizes in two different morphologies: dense idiomorphic and Chinese script as in Figs. 6(a) and (b) respectively. The former is the primary phase that crystallizes and normally termed ''sludge''. Certain sedimentation of the sludge Al 15 (Fe,Mn) 3 Si 2 phase was found in all samples in 380 series due to the slow cooling rate used in this study. The Al 5 FeSi phase (usually called the beta phase) appears as platelets or needles which are very distinct (Fig. 6(c) ). The eutectic phase Al 2 Cu seems agglomerated pink bubbles (Fig.  6(c) ).
For sample 3, the variations of the predicted amount of intermetallics and calculated crystallization temperature of major phases with copper are revealed in Figs. 7(a) and (b) respectively. The quantity of Al 2 Cu increases greatly with copper content while others varies slightly. The crystallization temperatures of aluminum FCC (liquidus temperature) and silicon decline moderately with copper content while those of Al 15 (Fe,Mn) 3 Si 2 and Al 5 FeSi remain almost constant. The crystallization temperature of Al 5 Cu 2 Mg 8 Si 6 goes down significantly at copper content 1.0-3.0 mass% and decreases slightly at 3.0-6.5 mass%. In the range of 0.0 to 1.0 mass% of copper, the final solidification temperature decreases significantly and then rises up to some degree and decreases slightly.
In the same sample, the relationships between the predicted amount of intermetallics and calculated crystallization temperatures of major phases with iron are shown in Figs. 8(a) and (b 
Solidification of 356 alloys
Similarly to 380 type, the calculated fraction solid of sample 5 from the equilibrium and Gulliver-Scheil models in Fig. 9 is very similar except near the end of solidification. Table 4 and Fig. 10 compare the calculated crystallization temperatures of major phases with the experimental result. In the experiment, only the crystallization of aluminum FCC and silicon could be observed.
The information about the discrepancy of crystallization temperature, which was collected from literatures, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [21] [22] [23] [24] [25] [26] is revealed in Fig. 11 . Figure 12 shows the solidification microstructure of 356 reference-sample 4. There are aluminum FCC, silicon, Al 5 FeSi, and Al 8 Mg 3 FeSi 6 . The quantity of phases in sample 5 was calculated and is compared in Table 4 Fig. 14(b) , the Al 5 FeSi temperature increases significantly at first but gradually decelerates and finally saturates from 1.3 mass% Fe. On the other hand, the liquidus (aluminum FCC temperature) and the complete solidification temperature as well as the crystallization temperature of silicon negligibly changed. As a guide to control the amount of detrimental phases in A356 alloy, which are needle-shaped Al 5 FeSi and Chinese script Al 8 FeMg 3 Si 6 , their variations in amount with increasing content of silicon, magnesium and iron were calculated by the Gulliver-Scheil model and are shown in Figs. 15(a) and (b). The content of these alloying elements input in the thermodynamic calculation was within a composition range according to the specification of A356 alloy and other elements were set to be zero. At 0.25 mass% Mg, Fig. 15(a) , the needle-like Al 5 FeSi starts to crystallize at 0.025 mass% Fe and then increases substantially and linearly with iron content. Its amount at 6.5 mass% Si is a slightly higher than those at 7.0 and 7.5 mass% Si, which are almost exactly equal along the calculation. The other phase, Al 8 FeMg 3 Si 6 , increases linearly until 0.03 mass% Fe and then this phase stays at about 0.2 mass%. For 0.45 mass% Mg, Fig. 15(b) , Al 5 FeSi starts to crystallize at 0.04 mass% Fe and then increases substantially and linearly, similarly to the case of 0.25 mass% Mg. The amount of Al 5 FeSi at 6.5 mass% Si is slightly higher than those at 7.0 and 7.5 mass% Si. Al 8 FeMg 3 Si 6 increases linearly from zero until 0.06 mass% Fe. After that, it stays at about 0.4 mass%, larger amount than those in 0.25% Mg alloy. The amount of Al 8 FeMg 3 Si 6 is higher in the order of 7.0 mass% Si, 7.5 mass% Si and 6.5 mass% Si. Fig. 15 The variation in amount of Al 5 FeSi and Al 8 FeMg 3 Si 6 phases with iron and silicon content within A356 specification; (a) at magnesium 0.25 mass%, (b) at magnesium 0.45%.
